Introduction
I n eukaryotic cells, mitochondrial function to generate both A7'P (via oxidative phosphorylation) and carbon skeletons (via the tricarboxylic acid cycle) for biosynthetic purposes. Although the cytosolic demands for A T P can be met through the activity of the mitochondrial ATP synthetase in non-green cells, the situation is more complex in photosynthetic cells, since here the supply of cytosolic A'I'I' can be met by photophosphorylation through the indirect transfer of ATP from the chloroplast stronia. IJnlike their mammalian counterpart, the metabolic role of plant mitochondria appears to be developmentally regulated, and distinct biochemical and morphological changes have been demonstrated to occur to mitochondria as the plant cell matures and develops photosynthetically [ 11. Such changes appear to be dependent upon a number of factors including cell maturity, tissue location and the interaction with other organelles such as chloroplasts and peroxisornes. For instance, in the basal meristematic cells of monocotyledons (such as wheat or barley) the specific activities of cytochrome oxidase and of succinate dehydrogenase are relatively high and reach a constant level at and above 4cm from the base of the leaf (21 where glycine decarboxylase (a key enzyme in the photorespiratory carbon cycle) increases substantially above this level [ 3 , 41 . Morphometric analysis also indicates that the number of mitochondria per mesophyll cell increases between the basal region of the leaf and the region 1.5 cm above it, but above this region mitochondrial numbers either remain constant or decrease [ 11. Similarly the relative abundance of the a-subunit of the ATP synthetase remains relatively constant along the length of the leaf [ 51. All these changes probably reflect the changing metabolic function of mitochondria as the plant cell develops. In tissues with a high metabolic rate, such as the areas involved in cell division and in expansion, the production of ATI' is a key metabolic role of mitochondria. but as the cell matures ;ind becomes photosynthetically active, the mitochondrial function changes t o a more biosynthetic role in providing carbon skeletons. In leaf tissue, the development of photosynthesis and the associated ition used: Q pool, quinone pool.
photorespiratory pathway requires the co-ordinated development of key photorespiratory enzymes such as glycirie decarboxylase and glycollate oxidase [ 11.
Glycine decarboxylase, located in the mitochondrial matrix, is a multi-enzyme complex that catalyses the conversion of glycine to serine, with the concomitant reduction of IVAI)' and the formation of CO, and NH1 [ h ] . This further adds to the mitochondrial function and activity that is necesary, since the continued operation of glycine decarboxylase requires the constant re-oxidation of NADH, either as a result of substrate shuttles or of increased respiratory activity [7] . Since photorespiration is a lightdependent process, if glycine is oxidatively decarboxylated then respiratory activity (with possible oxidative phosphorylation) must occur during illumination [8] . Although the exact respiratory role in vivo is uncertain, evidence in the literature suggests that the rate of respiration is regulated by the supply of ADP, and that respiration under illuminating conditions is not maximal, since it may be increased in vivo by the addition of uncoupling agents or decreased by the addition of oligomycin [7-91. Plant mitochondria are well suited both to a biosynthetic role and in the provision of cytosolic ATP, since, in addition to possessing complexes I-IV, the majority also contain non-phosphorylating routes to molecular oxygen, including an externally located NADH dehydrogenase. an internal rotenone-insensitive route that bypasses complex 1, and, to varying degrees, a cyanide-and antirnycininsensitive alternative oxidase [ 101. Under low cytosolic ATP/AL)P ratios (low protonmotive force) plant mitochondria can synthesize ATP by oxidative phosphorylation, whereas under high ratios (high protonmotive force) respiratory activity can still occur, although to a limited extent, either as a result of the engagement of these non-phosphorylating pathways or. as a consequence of non-ohmicity, through increased proton conductance of the inner membrane (that is, engagement of a leak pathway) [ 8. 01.
Regulation of respiratory activity
Although the regulation of respiratory activity in plant mitochondria has been studied in less detail than in mammalian systems, evidence in the litera-knowledge of the degree to which the alternative oxidase is engaged is particularly relevant to a discussion of the regulation of oxidative phosphorylation, since the operation of this pathway, which is non-protonmotive [ 231, will significantly effect the overall efficiency of oxidative phosphorylation.
Continuous 291. These simulations provide a better fit to the observed relationship than those associated with previous models. Interestingly, the simulations revealed that variations in the observed relation between the Q pool reduction state and the alternative-oxidase activity among different plant mitochondria is associated mainly with differences in the rate of reaction betwen the reduced oxidase and oxidized ubiquinone. Furthermore, these sirnulations suggested that the rate of reduction of oxygen by the alternative oxidase proceeds via the initial formation of a four-electron reduced enzyme. As well as considering how the redox state of the Q pool will affect the engagement of the oxidiz- The possibility that the redox poise of the ubiquinone pool could be a major control point in thc regulation of respiratory activity is of particular interest, since, not only is ubiquinone the functional linkage between the dehydrogenase arid the oxidases [ 16, 171, it also plays a pivotal role in the partitioning of electron flux between the main respiratory chain and the alternative oxidase [lo] . Although it is well established that the branchpoint of the alternative oxidase from the main respiratory chain is at the level of the ubiquinone pool [ 181, the mechanism by which the pathway is engaged has, until recently, been uncertain and several models have been postulated (see [ 10, 201) . tinfortunately these models run counter to experimental observations. For example, the Ijahr and Ijonner model 1101 cannot account for the switching of electron flux from the alternative pathway to the main respiratory chain [21] , since it assumes that the main pathway is already saturated. The second model cited cannot account for the well-documented situation where the alternative pathway is present but is not operative (that is, state 3 conditions) [22] . A Volume 2 I ing pathways (and hence the efficiency of oxidative phosphorylation), it is apparent from the model of Krab and van den Hergen [ 321 that it is also important to determine the extent to which the kinetics of the quinone-reducing enzymes are influenced by changes in the reduction state of the quinone pool. According to this model, the capacity and degree of engagement of the oxidizing pathways are dependent not only on the parameters outlined by Siedow and Moore [2X, 201, but also on the relationship between the rate catalysed by the individual enzymes and the steady-state reduction level of the quinone pool. Since the precise shape of the latter relationship may differ with different dehydrogenases, it is not difficult to envisage a situation where the partitioning of electron flux between the quinoloxidizing pathways depends upon the nature of the substrate. 'I'he strength of the model is that it can account for substrate dependency of alternative-oxidase activity without invoking the presence of multiple quinone pools.
'I'he interaction of the quinol-oxidizing and -reducing pathways in potato mitochondria using succinate under statt: 3 and 4 conditions is illustrated in Figure 1 . The activity of the reducing pathway was modulated with malonate, while the oxidizing pathway was titrated with antiniycin A. It is apparent from 1;igure 1 that the respiratory rate is Figure I The effects of malonate and of antimycin on the dependency of the respiratory rate on the redox poise of t h e Q pool conditions. Although a similar linear dependency is observed as the oxidizing pathway is modulated with antimycin, it is evident from Figure 1 that the relationship depends on the respiratory state. Preliminary experiments have also revealed that the difference in the kinetic behaviour of succinate dehydrogenase observed in Figure 1 becomes even more acute as the enzyme is inhibited by malonate Further studies are required to determine if the kinetic behaviour of the external NADH dehydrogenase is comparable with that of succinate dehydrogenase and whether its behaviour is also dependent upon the respiratory state.
Efficiency of oxidative phosphorylation
From the above discussion, clearly factors such as non-ohmicity, redox slips and the activity of the quinone-oxidizing and -reducing pathways will all have significant effects upon the overall efficiency of oxidative phosphorylation [ 331. For instance, as the (1 pool becomes more reduced, it will result in an increased engagement of the alternative oxidase and hence a decreased efficiency of oxidative phosphorylation. This has certainly been shown t o occur for soybean-cotyledon mitochondria [ 341, since the addition of salicylhyroxamic acid (to inhibit the alternative oxidase) markedly increases the ADP/O ratio for succinate. Figure 2 illustrates the depen- The effect of malonate on ADP/O ratios in soybeancotyledon mitochondria
ATPiO ratios were estim,ited, in soybean cotyledon mitochondria oxidizing succinatr,, after an initial pulse of ADP to ensure that true state 4 had been achieved Mitochondria were pre-incubated with malonat? for 2 min before adding substrate The values represent the mean of 10 determinations f S D In general, the turnover of the 'I'CA cycle will depend partly on respiratory-chain activity (for cofactor regeneration) and partly on the availability of AI>P t o the Kl'P synthetase. If there were very tight coupling between these activities in plant mitochondria, then cellular requirements both for ATP and for intermediates would be wholly reliant upon A1 11' availability. I lowever, depending upon conditions (that is, cell development and maturity) one requirement may become more important than the other, and hence plant mitochondria require a high degree of flexibility in their coupling efficiency to allow this variation in function. This tlexibility may be engendered by proton leaks, by the adenylate cycle and by the non-phosphorylative routes of electron flow. Central to the interaction of all these activities will be the redox poise of the (1 pool, which plays a pivotal role in the partitioning of electron flow between the different routes. This will result, in turn, in alterations both in respiratory rate and in the efficiency of oxidative phosphorylation.
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Introduction
Potato-tuber mitochondria have long been used as a model for plant mitochondria. Flowever, as the preparation and characterization of mitochondria improved, it became increasingly apparent that there is no general model for all plant mitochondria and that every plant tissue presents very specific characteristics. The question then arises of which properties of mitochondria in sztu are revealed by these characteristics. Potato-tuber mitochondria appeared to he a simple and straightforward system with respect to bioenergetic processes [ 1, 21, displaying some very specific features.
'Hie niain distinctive feature of potato-tuber mitochondria is the absence of a p€I gradient across the inner mernbrane, Apll, under normal study conditions. This has been attributed to a very active I I + / K + antiporter that allows the whole of the protonmotive force t o be expressed as a transmemh n e electrical potential difference 11 1. So in these organelles unlike those of other species the protonmotive force is represented only by its membranepotential component, which can easily be monitored continuously using electrodes specific to lipophilic cations such ;IS tetraphenylphosphoniuni 13 1. l'hus this unique property allows the continuous and simultaneous measureriient of all the parameters o f oxidative phosphorylation. The absence of ;I ApI I and a rather small, or even absent, participation of alternative oxidase in the respiration rates make potato-tuber mitochondria a suitable and convenient tool to investigate the control of oxidative phosphorylation. This was used for the first application of top-down metabolic-control analysis [ 41 to plant mitochondria IS], and to show the balance of the proton fluxes under various phosphorylating conditions [2] . This relative simplicity may be the reason that no discrepancies have been found with the chemiosmotic rnotlel by contrast with a number of studies, mainly on mammalian mitochondria (see Recently, metabolic-control analysis 17) has been used to characterize the control of respiration in different tissues [XI. However, data from plants are scarce [9, 101 and no complete description of the control of phosphorylation in plant mitochondria is available. Specific properties of plant mitochondria (such as exogenous NADI I oxidation and the alternative oxidase) may result in a distribution of control over oxidative phosphorylation that is different from the control in mitochondria from other sources.
[hl).
Control of oxidative phosphoryiation
Potato-tuber mitochondria mere first used to study the control of oxidative phosphorylation in plants, since their bioenergetic processes appear straightforward [ I , 21 . Attention has been focused on the intermediate states of phosphorylation (ADPlimited respiration), which are likely to be the conditions zn viva We used the 'top-down' metabolic-control analysis I 1 11, considering the
